Work  Unit  12S1C 
OCD-PS-4%-186 


to 


SENSIBLE  AND  LATENT  HEAT  LOSSES 
FROM  OCCUPANTS  OF  SURVIVAL  SHELTERS 

OCCUPATIONAL  HEALTH  RESEARCH  AND  TRAINING  FACILITY 


December  1966 


U.S.  DEPARTMENT  OF  HFALTH,  EDUCATION  AND  WELFARE 
Public  Health  Service 


Washington,  D.C. 


Distribution  of  tHs  document  is  unlimited 


D  D  C 

Ur-r^'  !  ^ 

(mar  1 4  1967 


Work  Unit  1 221 C 
OCD-PS-A+-1 26 


SENSIBLE  AND  LATENT  HEAT  LOSSES 
FROM  OCCUPANTS  OF  SURVIVAL  SHELTERS 


OCCUPATIONAL  HEALTH  RESEARCH  AND  TRAINING  FACILITY 
CINCINNATI,  OHIO 

CLARK  M.  HUMPHREYS 
AUSTIN  HENSCHEL 
DOUGLAS  H.  K.  LEE 


Prepared  for  the 

OFFICE  OF  CIVIL  DEFENSE 
DEPARTMENT  OF  THE  ARMY-OSA 

Through  the 

DEPARTMENT  OF  HEALTH,  EDUCATION,  AND  WELFARE 

PUBLIC  HEALTH  SERVICE 

DIVISION  OF  HEALTH  MOBILIZATION 


AVAILABILITY  NOTICE 

DISTRIBUTION  OF  THIS  DOCUMENT  IS  UNLIMITED 


DECEMBER  1966 


REVIEW  NOTICE 

This  report  has  been  reviewed  in  the  Office  of  Civil  Defense  and  approved  for  publication, 
does  not  signify  that  the  contents  necessarily  reflect  the  views  and  policies  of  the  Office  of  Civi 


Approval 
I  Defense. 


SENSIBLE  AND  LATENT  HEAT  LOSSES 


FROM  OCCUPANTS  CF  SURVIVAL  SHELTERS 


SUMMARY 


Six  figures  have  been  prepared  showing  the  sensible  and  latent  heat  ex¬ 
change  rates  from  clothed  and  nude  individuals  at  various  environmental 
conditions  and  at  three  metabolic  rates.  Data  are  also  included  by  which 
the  heat  exchange  rates  for  the  "standard  individual"  may  be  corrected 
for  "non-standard"  groups. 
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INTRODUCTION 

Man’s  survival  requires  that,  except  for  short  periods  of  time,  a  rather 
accurate  balance  must  be  maintained  between  the  rate  of  metabolic  heat 
production  within  tody,  and  the  rate  of  heat  loss  from  the  body  to 
the  surrounding  environment.  At  normal  environmental  conditions,  both 
sensible  heat  and  latent  heat  (moisture)  are  given  up  by  the  body,  and 
these  in  turn,  tend  to  raise  the  temperature  and  humidity  of  the  ambient 
air.  In  homes  or  other  spaces  having  low  population  density,  the  changes 
in  environmental  conditions  due  to  the  heat  given  off  by  the  occupants 
are  quite  small.  However,  in  places  of  public  assembly  having  high  pop¬ 
ulation  density,  the  sensible  heat  and  moisture  contribution  from  the 
occupants  can  have  a  marked  effect  on  the  ambient  conditions,  and 
adequate  ventilation  or  cooling  is  required  to  maintain  a  comfortable 
environment. 

In  times  of  emergency,  a  survival  shelter  will  become  a  place  of  public 
assembly  and  may  be  expected  to  have  a  high  population  density.  Except 
in  rare  instances,  complete  air  conditioning  will  not  be  available  and 
the  entire  metabolic  heat  production  of  the  shelter  occupants  will  have 
to  be  removed  by  ventilation,  or  by  heat  transfer  to  the  exterior 
surfaces  of  the  shelter. 

The  ventilating  system  for  the  average  shelter  will  be  designed,  not  to 
provide  complete  comfort  for  the  occupants,  but  to  enhance  their  chances 
of  survival  during  the  required  period  of  occupancy.  The  amount  of  ven¬ 
tilation  air  that  can  be  supplied  may  be  minimal  for  several  reasons. 
In  case  of  disaster,  public  power  supply  cannot  be  relied  upon,  and  ven¬ 
tilating  fans  may  have  to  be  operated  manually  by  the  shelter  occupants, 
or  by  power  from  a  small  engine-generator  unit  within  the  shelter,  if 
one  is  available.  The  outside  air  is  also  likely  to  be  contaminated  in 
case  of  disaster,  and  equipment  will  probably  be  provided  for  treating 
only  a  minimal  amount  of  air. 

The  designer  of  the  ventilating  system  for  a  survival  shelter  needs 
accurate  data  on  -he  sensible  heat  and  moisture  loss  from  the  human  body, 
to  establish  realistic  design  requirements.  This  need  has  long  been 
recognized  by  the  Office  of  Civilian  Defense,  and  a  request  for  such  data 
was  made  to  the  Occupational  Health  Research  and  Training  Facility  of 
the  U.  S.  Public  Health  Service  in  Cincinnati.  The  request  specified 
that  the  data  should  cover  the  following  ranges  of  conditions: 
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(a)  Dry-bulb  temperatures  -  50  to  120  F 

(t>)  Air  velocities  -  still  air  and  100  ft. /min. 

(c)  Mean  radiant  temperatures  -  from  10  F  below  to  10  F 

above  air  temperature 

(d)  Metabolic  rates  -  300,  400  and  600  Btu/hr. 

(e)  Clothing  -  standard  and  minimal 

It  was  further  requested  that  the  results  should  be  presented  in  such  a 
way  that  they  could  be  made  applicable  to  children  and  adults,  male  and 
female. 


BACKGROUND 


The  temperature  of  the  human  body  remains  relatively  constant  over  a 
wide  range  of  environmental  conditions.  This  is  the  result  of  the  close 
balance  which  is  maintained  between  heat  production  within  the  body 
(metabolism)  and  the  heat  loss  from  the  body.  The  heat  interchanges 
involved  in  this  heat  balance  are  described  by  the  equation: 


Where: 


M  =  E  ±  R  ±  C  i  S 


(1) 


M  =  rate  of  metabolic  heat  production  within  the  body 
E  =  rate  of  evaporative  heat  loss 
R  =  rate  of  radiative  heat  loss  or  gain 
C  =  rate  of  convective  heat  loss  or  gain 
S  =  rate  of  heat  storage  within  the  body,  resulting 
In  a  change  in  body  temperature 

The  rate  of  metabolic  heat  production,  M,  is  always  positive.  Under 
ordinary  conditions,  when  the  skin  temperature  is  higher  than  the  dew 
point  of  the  air,  E  is  also  positive.  R  and  C  are  positive  when  the 
skin  temperature  is  higher  than  that  of  the  surrounding  walls  and  air, 
but  negative  when  it  is  lower.  Storage,  S,  is  positive  when  the  body  is 
gaining  heat  and  its  temperature  is  rising,  and  negative  when  the  rate 
of  heat  loss  exceeds  M,  and  the  body  temperature  is  falling.  While  the 
body  can  store  or  lose  heat  for  short  periods  of  time  without  serious 
consequences,  in  spaces  intended  for  prolonged  occupancy  conditions  must 
be  such  that  S  =  0. 
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Ideal  conditions  are  experienced  when  the  metabolic  heat,  M,  is  just 
balanced  by  the  minimal  evaporative  loss  plus  radiation  and  convection. 
As  environmental  temperatures  increase,  R  and  C  losses  decrease  and  E 
■  increases  to  maintain  the  necessary  heat  balance.  M/hen  the  skin,  air  and 

surrounding  surface  temperatures  are  equal,  R  and  C  become  zero  and  E 
must  equal  M.  If  ambient  air  and  surface  temperatures  are  above  skin 
temperature,  the  body  gains  heat  by  radiation  and  convection  (R  and  C 
become  negative),  and  E  must  equal  the  arithmetic  sum  of  M  +  R  +  C.  For 
a  more  complete  discussion  of  the  adaptions  of  the  human  body  to  varying 
environmental  conditions  see  References  1  and  2. 

Some  of  the  more  important  factors  which  influence  heat  exchange  between 
the  human  body  and  its  environment  are  air  temperature,  humidity,  air 
motion,  temperature  of  surroundings,  activity,  and  the  type  and  amount 
of  clothing.  There  are  also  human  factors  such  as  age,  sex,  acclimatiza¬ 
tion  and  individual  variability  to  further  complicate  the  problem  (see 
Reference  3). 

In  view  of  the  many  variables  involved,  it  is  not  surprising  that 
different  investigators  have  arrived  at  somewhat  different  conclusions 
regarding  heat  losses  from  the  body. 


CALCULATION  CF  HEAT  LOSS  DATA 

The  equation  for  sensible  heat  loss  from  the  body  (R  +  C)  which  was 
judged  to  be  best  suited  to  this  particular  problem,  is  gi ven  by  Burton^) . 
It  is  applicable  to  both  nude  and  clothed  subjects.  Assuming  the  average 
man  to  have  a  body  surface  of  20  square  feet,  the  equation  may  be 
written: 


R  +  C  r 


I  +  I 
*c  *a 


(2) 


Where: 


+  C 
t. 


I, 


sensible  heat  loss  from  the  average  man,  Btu  nr 

skin  temperature,  deg.  F 

air  temperature,  deg.  F 

insulation  of  clothing,  in  clo  units 

insulation  of  air,  in  clo  units 
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The  clo^ ,  def ined  in  terms  of  resistance  rather  than  conductance  units, 
i  s 


0,88  Etu/rhvifsq.  ft 7) 

Def.  C 

or  *  8  kg.  -cal.  /(hr  )(sq.  m) 

The  ordinary  business  suit  has  an  insulating  value  of  approximately 
1  clo. 

SKIN  TEMPERATURES 


Available  data  on  mean  skin  temperatures  at  various  air  temperatures  and 
velocities  show  cons iderab' ?  variation  at  the  lower  air  temperatures. 
However,  at  air  temperatures  above  90  F,  the  data  are  in  good  agreement. 
Skin  temperatures  used  in  this  study  are  plotted  in  Figure  1.  Curves  of 
skin  temperatures  for  clothed  subjects  were  constructed  on  the  basis  ot 
data  from  several  sources. (5» 7 s  Skin  temperatures  for  nude  subjects 
were  plotted  from  an  equation  given  by  Gagge,  et  al.(6)  The  Questionable 
accuracy  of  skin  temperature  data  at  lower  air  temperatures  is  not  con¬ 
sidered  important  in  this  study.  In  practice,  if  a  shelter  environment 
is  c^ol  or  cold,  the  shelter  occupants  would  put  on  additional  clothing 
to  provide  comfort.  Enough  clothing  should  be  worn  so  that  ihe  total 
heat  loss  Irom  the  body  will  not  exceed  the  metabolic  rate. 

CLOTHING 

Data  were  requested  for  shelter  occupants  wearing  standard  and  minimal 
clothing.  For  standard  clothing,  an  ordinary  business  suit  has  been 
assumed.  The  value  of  lc  for  such  clothing,  when  dry,  is  approximately 
1  clo,  and  this  value  has  been  used  in  the  cal  ulation  of  heat  losses 
from  clothed  subjects. 

Shorts  for  men  and  halter  and  shorts  for  women  would  probably  constitute 
minimal  attire.  The  heat  losses  from  occupants  in  minimal  clothing  would 
be  essentially  the  same  as  from  nude  subjects,  particularly  a»ter  the 
clothing  becomes  wet  with  perspiration.  Data  have  therefore  l^een  calcu¬ 
lated  for  nude  subjects,  for  whom  I  -  0. 

The  insulation  of  the  air,  Ia,  is  a  function  of  the  air  velocity.  Values 
of  Ia  are  plotted  in  Figure  2.^^  The  air  velocity  for  which  Ifl  values 
should  be  selected  varies  with  tlx?  activity  of  the  subject.  At  elevated 
metaliolic  rates  the  activity  of  the  subject  results  in  additional  air 
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movement  over  the  body  which  must  be  added  to  the  normal  air  motion  of 
the  environment  to  obtain  the  effective  velocity.  A  table  of  these  air- 
velocity  corrections  for  various  metabolic  rates  is  given  in  References. 
In  this  study  normal  air  velocities  of  30  and  100  feet/min.  have  been 
increased  to  80  and  150  feet/min.,  respectively,  for  calculation  of  heat 
losses  at  a  metabolic  rate  of  600  Btu/hr. 


RESILTS 

Equation  2  has  been  used  to  calculate  sensible  heat  losses,  R  s  C,  from 
the  human  body  for  various  air  temperatures  and  air  velocities.  The 
latent  losses,  E,  were  then  calculated  to  satisfy  the  heat  balance  equa¬ 
tion  (No.  1)  assuming  no  positive  heat  storage.  The  results  are  plotted 
in  Figures  3  through  8.  Figures  3,  4,  and  5  are  for  clothed  subjects 
and  6,  7,  and  8  for  nude  subjects.  The  scales  along  the  left  side  of 
each  figure  show  the  heat  loss  rates  from  an  average  man  having  a  sur¬ 
face  area  of  20  square  feet.  The  right  haid  scale  gives  heat  loss  rates 
per  square  foot  of  body  area. 

In  Figures  3  through  8  the  mean  radiant  temperature  (MRT)  is  assumed  to 
be  the  same  as  the  air  temperature.  However,  the  figures  may  also  be 
used  for  conditions  where  the  MRT  differs  somewhat  from  the  air  tempera¬ 
ture  by  considering  the  effective  environmental  temperature  to  be  the 
mean  of  the  air  temperature  and  the  MRT. (^’5)  For  example,  if  body  heat 
loss  is  desired  for  an  environment  wnere  the  air  temperature  is  90  F  and 
the  MRT  100  F,  the  answer  can  be  found  along  the  95  F  line. 

Values  from  Figures  3  through  8  are  for  the  average  person  having  a  sur¬ 
face  area  of  20  square  feet  and  a  supine  resting  metabolic  rate  of 
300  Btu/hour  or  15  Btu'hour  per  square  foot  of  body  area.  Body  area 
varies  widely  from  person  to  person,  and  the  metabolic  rate  per  square 
foot  of  surface  area  varies  somewhat  with  age  and  sex.  To  provide  data 
for  modifying  the  heat  transfer  rates  given  in  the  figures,  so  that  they 
may  be  made  applicable  to  non-standard  groups  of  individuals,  Table  1 
and  Figures  9  and  10  have  been  included.  Table  1  gives  the  average 
height  and  weight  of  white  males  and  females  of  various  ages  in  the 
United  States.  Data  for  the  table  were  taken  from  Reference  10-  The 
approximate  body  surface  area  may  be  determined  from  the  DuBois  Body 
Surface  Chart  of  Figure  9.  The  average  supine  iestmg  metallic  rate  per 
square  foot  of  body  area  for  males  and  females  from  six  to  sixty  years 
of  age  may  be  obtained  from  Figure  10.  The  curves  in  this  figure  were 
plotted  from  Boothby,  et  al,(^' 
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The  ratio  of  the  average  metabolic  rates  of  "standard"  and  "non-standard" 
groups  of  individuals,  when  at  rest  or  doing  comparable  light  work,  is 
approximately  the  same  as  the  ratio  of  their  supine  resting  metabolic 
rates.  The  metabolic  rate,  Mx,  of  the  average  individual  in  a  "non- 
standard"  group  may  therefore  be  approximated  by  the  equation: 


Mx 


Mfax  x  \  x  M 
350 


(3) 


Where: 

MjjX  =  supine  resting  metabolic  rate  of  "non-standard" 
individual  as  determined  from  Figure  10  *  Btu/(hr) 
(sq.  ft.) 

Ax  =  body  surface  area  of  the  "non-star  .ard"  individual 
from  Figure  9  -  square  feet 

M  =  metabolic  rate  of  the  "standard"  man  at  the  indi¬ 
cated  activity  -  Btu/hour 

300  =  supine  resting  metabolic  rate  of  "standard"  man  - 
Bt  u/hour 


The  sensible  heat  loss  from  the  average  individual  in  a  "non-standard" 
group,  under  the  environmental  and  activity  conditions  postulated  in 
Figures  3  through  8,  may  be  calculated  by  the  equation: 


^sx  Ax  x  ns 


f  4% 


Where: 

hsx  =  sensible  heat  loss  from  the  "non-standard"  ind*  - 
vidual,  Btu'hour 

A^  =  body  surface  area  of  the  "non-standard'  individual, 
square  feet 

hs  =  sensible  heat  loss  as  given  in  the  right  hand 
scale  of  the  appropriate  Figure  3  through  8  for 
the  standard  man,  Btu '(hr ) (  sq .  ft.) 


The  latent  heat  loss  from  the  non-< tandard  individual  . s  the  algebraic 
sum  of  his  metabolic  rate  and  sensible  hea.  loss: 


Ex  = 


_  h 


sx 


/  c  \ 
K  ^  ) 
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EXAMPLE 

Determine  the  sensible  and  latent  heat  loss  from  an  average  14  year  old 
nude  boy  seated  at  rest  in  a  room  in  which  the  air  temperature  is  100 
deg.  F,  the  MRT  is  110  deg.  F,  and  the  air  velocity  is  100  feet /min. 

SOLUTION 

From  Table  I,  the  average  14  year  old  boy  is  63  inches  tall  and  weighs 
108  pounds.  From  Figure  9,  his  average  surface  area  is  16  square  feet. 

Figure  10  indicates  a  supine  resting  metabolic  rate  of  17.1  Btu/(hr)(sq. 
ft.)  for  a  14  year  old  boy.  Using  Equation  3,  his  metabolic  rate  when 
seated  at  rest; 


Mx  =  !7, =  365  Btu/hour 
X  300 

The  sensible  heat  loss  can  be  determined  by  Equation  4.  In  this  case  the 
mean  of  the  air  temperature  and  the  MRT  is  105;  and  from  Figure  7,  hs  is 
found  to  be  **22  Btu/(hr)(sq.  ft.). 

Total  sensible  heat  loss: 

hsx  =  16  x  ~22  =  "352  Btu/hour 

From  Equation  5,  latent  heat  loss: 

Ex  =  365  "  (~352)  =717  Btu/hour 


MODIFYING  EFFECTS  OF  WET  CLOTHING 

As  indicated  a*jve,  the  data  shown  in  Figures  3.  4  and  5  for  clothed 
individuals  were  calculated  on  the  basis  of  dry  clothing  ( Ic  =  1).  It 
is  quite  evident  that  at  the  upper  end  of  the  temperature  range  shown  in 
the  figures,  an  occupant  of  a  shelter  will  perspire  freely  and  any 
clothing  worn  will  become  damp  or  wet.  Some  discussion  of  the  effect  of 
wet  clothing  is  therefore  in  order. 
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It  is  generally  agreed  that  as  clothing  becomes  wet  its  insulating  value 
decreases.  Inere  is  no  accepted  basis  for  predicting  either  the  degree 
of  wetness  which  clothing  will  attain  under  a  given  set  of  conditions, 
or  the  resulting  change  in  its  insulating  value.  Lee  and  Henschel(^) 
used  an  insulating  value  for  wet  clothes  (Icw)  of  0.4  clo.  If  this  value 
instead  of  the  value  for  dry  clothing  were  used  in  Equation  2,  the 
sensible  heat  gains  at  the  higher  temperatures  would  be  increased  48  and 
64  percent,  respectively,  for  air  velocities  of  30  and  100  feet  per 
minute.  This  increased  heat  gain  would  be  balanced  by  a  corresponding 
increase  in  latent  heat  loss.  The  latent  loss  shown  in  Figure  4  at 
120  F  and  100  feet  per  minute  velocity  would  increase  from  750  to 
975  Btu/hr. 

It  is  also  generally  agreed  that  as  clothing  becomes  wet  the  cooling 
efficiency  of  sweat  evaporation  decreases.  When  evaporation  takes  place 
from  wet  clothing  instead  of  from  the  skin  surface,  a  part  of  the  heat 
required  for  that  evaporation  is  supplied  by  the  air  instead  of  the  body. 
The  cooling  efficiency  may  be  defined  as  the  ratio  of  the  heat  removal 
from  the  body  by  evaporation,  to  the  heat  which  would  be  required  to 
evaporate  all  of  the  sweat  produced  by  the  body. 

There  are  many  variables  which  play  a  part  in  determining  the  cooling 
efficiency  of  sweat  evaporation  and  the  findings  of  different  inves¬ 
tigators  are  not  in  agreement.  Burton^)  states  that  cooling  efficiency 
for  completely  wet  clothing  is  equal  to 


lew  + 


If  the  previously  used  value,  Icw  =  0.4,  is  substituted  in  this  equation, 
the  cooling  efficiencies  at  30  and  100  feet  per  minute  air  velocities 
would  be  68  and  57.5  percent,  respectively.  If  this  value  of  57.5  per¬ 
cent  is  applied  to  the  above  calculated  evaporative  cooling  rate  of 
975  Btu/hr,  the  total  latent  heat  addition  to  a  space  at  120  F  and  100 
feet  per  minute  velocity  would  be 


975 

.575 


1700  Btu/hr  per  occupant. 


The  latent  loss  from  a  nude  subject  at  the  same  environmental  conditions, 
as  shown  in  Figure  7,  is  1450  Btu/hr. 


It  will  be  noted  that  Burton’s  equation  for  cooling  efficiency  would 
indicate  100  percent  efficiency  for  a  nude  subject.  Givoni’s(^)  work 
indicates  an  average  efficiency  of  95  percent  for  the  nude  body;  most  of 
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the  loss  in  efficiency  is  apparently  due  to  drippage  of  sweat.  It  is 
therefore  believed  that  the  heat  transfer  data  shown  in  Figures  6,  7  and 
8  for  nude  subjects  may  be  used  without  correction. 

The  above  discussion  would  seem  to  suggest  that  as  conditions  in  a 
shelter  become  warmer,  occupants  should  be  encouraged  to  remove  clothing 
down  to  the  minimal  level.  It  is  agreed  by  all  investigators  that  in  the 
warm  humid  environments  likely  to  occur  in  survival  shelters,  occupants 
will  be  more  comfortable  with  a  minimum  of  clothing.  And  as  suggested  by 
the  above  example,  under  some  conditions  the  total  moisture  addition  to 
the  space  may  be  less  from  nude  than  from  clothed  subjects. 


MAXIMUM  LATENT  HEAT  LOSS  RATES 


All  of  the  above  discussion  has  been  concerned  with  the  heat  losses  re¬ 
quired  at  various  conditions  to  maintain  the  body  in  a  state  of  thermal 
equilibrium.  It  has  been  pointed  out  that  at  elevated  ambient  tempera¬ 
tures  all  of  the  heat  loss  must  take  place  by  evaporation.  The  required 
extent  of  this  evaporative  loss  is  shown  by  the  latent  heat  curves  in 
Figures  3  through  8. 

The  maximum  latent  heat  loss,  Emax,  which  the  body  can  lose  to  the 
ambient  air  is  a  function  of  the  air  velocity,  and  the  difference  between 
the  vapor  pressure  of  the  sweat  on  the  skin,  and  the  partial  pressure  of 
the  water  vapor  in  the  air.  This  loss  may  be  calculated  from  the  denom¬ 
inator  of  the  equation  given  on  page  15  of  reference  3,  which  is  based 
on  Burton’s  work.(^)  For  the  average  nude  man  this  equation,  converted 
to  the  system  of  units  used  in  this  paper,  may  be  written 


^max 

Where: 


55.4  (42  -  Pw) 
la 


(6) 


Pw  =  partial  pressure  of  the  water  vapor  in  air  -  mm  Hg. 


42  =  vapor  pressure  of  the  sweat  for  a  skin  temperature 
of  approximately  95  F  -  mm  Hg. 
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Values  of  Emax  calculated  by  this  equation  are  shown  by  horizontal  lines 
in  Figures  11,  12  and  13,  for  air  velocities  of  30,  100  and  150  feet  per 
minute,  respectively.  The  lines  are  shown  only  to  the  right  of  the  95  F 
dry  bulb  line,  since  it  is  only  in  this  region  that  the  skin  temperature 
remains  relatively  constant.  (See  Figure  1.)  It  is  also  only  in  the 
higher  temperature  region  that  one  is  likely  to  be  interested  in  Emax 
values.  To  the  left  of  the  95  F  line,  the  E^x  lines  would  turn  downward 
because  of  the  decreasing  skin  temperature. 

The  value  of  Emax  may  also  be  limited  by  the  ability  of  the  body  to  pro¬ 
duce  sweat.  This  limitation  is  encountered  most  frequently  under  hot, 
dry  conditions.  Belding  and  Hatch(^)  state  that  the  maximum  rate  of 
sweating  which  can  be  maintained  by  the  average  acclimatized  man  over  an 
eight-hour  period  is  1  liter  per  hour.  The  evaporation  of  this  quantity 
of  sweat  will  produce  a  cooling  effect  of  approximately  2400  Btu/hr. 
The  2400  Emax  line  is  shown  dotted  on  Figures  11,  12  and  13.  For  the 
attainment  of  high  sweat  rates  it  is  essential  that  the  individual  be 
supplied  with  sufficient  drinking  water  to  maintain  normal  body  hydrat ion. 

To  give  meaning  to  the  Emax  lines,  three  relative  strain  lines  have  also 
been  drawn  on  Figures  11,  12  and  13.  Lee  and  Henschel(^)  have  defined 
relative  strain  as  the  :atio  of  the  evaporative  cooling  required  to 
maintain  thermal  equilibrium  to  the  maximum  rate  of  evaporative  cooling 
which  can  be  maintained  in  a  given  environment.  For  the  average  nude  man 
the  equation  for  this  relationship  may  be  written 


Relative  strain  - 


22.8  (ta  -  95) 

ra 

55.4  (42  -  Pw) 
la 


(7) 


At  any  point  on  the  relative  strain  =  1.0  line,  the  evaporative  cooling 
required  to  prevent  body  heat  storage  is  equal  to  the  maximum  latent 
heat  acceptance  of  the  environment.  This  line  thus  defines  the  most 
severe  conditions  under  which  thermal  equilibrium  can  be  maintained. 
Similarly,  the  0.50  relative  strain  line  shows  the  conditions  at  which 
the  required  evaporative  cooling  is  50  percent  of  the  maximum  possible. 

It  should  be  noted  that  if,  for  example,  2400  Btu  per  hour  is  taken  as 
the  maximum  possible  cooling  rate,  then  the  relative  strain  lines  would 
drop  vertically  downward  from  their  intersection  with  the  2400  Emax 
line. 
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EFFECT  OF  PHYSICAL  WORK  ON  BODY  HEAT  LOSS 

It  is  assumed  that  the  average  person  in  a  survival  shelter  will  be 
essentially  at  rest,  and  the  heat  balance  Equation  (1)  presented  earlier 
in  this  report  is  for  that  condition.  For  a  person  performing  useful 
work  on  an  external  system,  the  heat  equivalent  of  that  work  would  appear 
as  an  additional  term  on  the  right-hand  side  of  the  equation,  and  the 
heat  loss  by  other  methods  required  to  maintain  equilibrium  would  be 
reduced  by  that  amount.  The  heat  exchanges  for  persons  at  elevated 
metabolic  rates  may  be  calculated  from  the  equations  included  in  this 
report. 


13  - 


BIBLIOGRAPHY 

1.  Winslow,  C.  E.  A.  and  L.  P.  Herrington.  "Temperature  and  Human 
Life."  Princeton  Univ.  Press,  Princeton,  N.  J.,  Chapter  3,  1949. 

2.  American  Society  of  Heating,  Refrigerating  and  Air  Conditioning 
Engineers.  "ASHRAE  Guide  and  Data  Book,"  1963,  Chapter  8. 

3.  Lee,  D.  H.  K.  and  Austin  Henschel.  "Evaluation  of  Thermal  Environ¬ 
ment  in  Shelters."  TR-8,  U.  S.  Public  Health  Service,  Division  of 
Occupational  Health. 

4.  Burton,  A.  C.  "An  Analysis  of  the  Physiological  Effects  of  Clothing 
in  Hot  Environments."  Reports  of  Assoc.  Committee  of  Aviation  Med. 
Res.,  C2754,  S.P.C.  186,  November  24,  1944. 

5.  Gagge,  A.  P. ,  C.  E.  A.  Winslow  and  L.  P.  Herrington.  "The  Influence 
of  Clothing  on  the  Physiological  Reactions  of  the  H  ;man  Body  to 
Varying  Environmental  Temperatures."  Amer.  Tour,  of  Physiology  124, 
p  30,  1938. 

6.  Winslow,  C.  E.  A.,  A.  P.  Gagge  and  L.  P.  Herrington.  "The  Influence 
of  Air  Movement  Upon  Heat  Losses  from  the  Clothed  Human  Body." 
Amer.  Jour,  of  Physiology  127,  p  505,  1939. 


7.  Fahnestock,  M.  K. ,  F.  E.  Boys,  F.  Sargent  II,  W.  E.  Springer  and 
L.  D.  Silver.  "Comfort  and  Physiological  Responses  to  Work  in  an 
Environment  of  75  F  and  45  Per  Cent  Relative  Humidity. '  ASHRAE 
Transactions  69,  p  13,  1963. 


8.  Gagge,  A.  P. ,  L.  P.  Herrington  and  C.  E.  A.  Winslow.  "Thermal  Inter¬ 
changes  between  the  Human  Body  and  Its  Atmospheric  Environment." 
Amer.  Jour,  of  Hygiene,  26,  p  84,  July  1937. 

9.  Burton,  A.  C.  "Standard  Values  for  the  Thermal  Insulation  of  Ambient 
Air  with  Different  Degrees  of  Air  Movement."  Report  of  Assoc.  Com¬ 
mittee  of  Aviation  Men.  Res.,  C2753,  S.P.C.  Report  185,  November  16, 
1944. 

10.  Spector,  1.  S.  "Handbook  of  Biological  Data."  W.  S.  Saunders  Co., 
Table  150. 

11.  Boothby,  W.  M. ,  J.  Berkson  and  H.  L.  Dunn.  "Studies  of  the  Energy 
of  Metabolism  of  Normal  Indi viduals:  A  Standard  for  Basal  Metabolism 
with  a  Nomogram  for  Clinical  Application."  Amer.  Jour,  of  Physiology 
116,  p  468.  1936. 


14  - 


12.  Givoni,  B.  "Estimation  of  the  Effects  of  Climate  on  Man:  Develop¬ 
ment  of  a  New  Thermal  Index,"  Building  Research  Station,  Technion, 
Israel  Institute  of  Technology,  Haifa,  Israel. 

13.  Belding,  H.  S.  and  T.  F.  Hatch.  "Index  for  Evaluating  Heat  Stress 
in  Terms  of  Resulting  Physiological  Strains."  ASHRAE  Transactions, 
62,  p  213,  1956. 


-  15 


TABLE  I.  AVERAGE  HEIGHT  AND  WEIGHT  OF  MALES  AM)  FEMALES 
OF  VARIOUS  AGES  IN  THE  U.  S.  A. 
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Figure  1  -  Skin  Temperatures  of  Clothed  and  Nude  Subjects 
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Figure  5  -  Heat  Loss  f  rorr  Clothed  Subjects  Eoing  Light  Work. 

Metabolic  Rate  =  600  Btu/hr. ,  (30  Btu/(hr . )(sq. ft . )) , 
S  =  0 
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Figure  7  -  Heat  Loss  from  Nude  Subjects,  Seated,  at  Rest. 

Metabolic  Pate  =  400  Btu/hr. ,  (20  Btu/(hr .  )(sq. f t . )) , 
S  =  0 
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Figure  8  -  Heat  Loss  f  rorr  Nude  Subjects  Doing  Light  Work. 

Metabolic  Rate  -  600  Btu  hr.,  (30  Btu  '(  hr ,  )(  sq.  f  t .  )  )  . 
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To  find  the  body  surface  area  of  a  subject  draw  o  line 
from  hit  height  (  Scale  I  )  to  his  weight  (Scale  H)  and 
read  areo  or  Scale  HI 

Figure  9  *  Du  Bois  Body  Surface  Chart 
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Figure  10  -  Supine  Resting  Metabolic  Fate  vs.  Age 
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Maximum  Latent  Heat  Losses  and  Relative  Strain  for  Nude  Subject 
M  600  Btu  hr .  ,  Air  Velocity  150  ft.  'min. 
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